Background: Carbon dots (CDots) have recently been demonstrated their effective visible light-activated antimicrobial activities toward bacteria. This study was to evaluate and understand the roles of the surface functionalities in governing the antimicrobial activity of CDots. Methods: Using the laboratory model bacteria Bacillus subtilis, the photo-activated antimicrobial activities of three groups of CDots with specifically selected different surface functionalization moieties were evaluated and compared. The first group consisting of CDots with surface functionalization by 2,2-(ethylenedioxy)bis(ethylamine) (EDA) vs. 3-ethoxypropylamine (EPA), was evaluated to determine the effect of different terminal groups/ charges on their photo-activated antibacterial activities. The second group consisting of CDots functionalized with oligomeric polyethylenimine (PEI) and those prepared by the carbonization of PEI -citric acid mixture, was to evaluate the effects of dot surface charges vs. fluorescent quantum yields on their antimicrobial activities. The third group consisting of CDots functionalized with PEI of 1,200 vs. 600 in average molecular weight was evaluated for the effect of molecular weight of surface passivation molecular on their antimicrobial activities.
Introduction
Carbon dots (CDots) are small carbon nanoparticles with surface passivation, each with a carbon nanoparticle core (pre-existing or from carbonization of organic precursors under sufficiently robust processing conditions) and a thin shell of soft materials (organic or biological species). 1 They have been known for their photoexcited state properties and redox processes resembling those typically found in conventional semiconductor quantum dots (QD), with efficient photoinduced charge separation for the formation of radical anions and cations (electrons and holes), so CDots are sometimes referred to in the literature as "carbon quantum dots", but with unique advantages such as intrinsically nontoxic in vitro and in vivo, 2-4 environmentally benign, facile synthesis and low costs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The photoinduced charge separation and the subsequent radiative recombinations in CDots are responsible for the observed QD-like fluorescence properties, with bright and colorful emissions in the visible and extending into the near-IR. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The same photoinduced processes have recently been demonstrated to afford CDots' photo-activated activity in killing cancer cells [18] [19] [20] and bacterial cells. 13, [21] [22] [23] [24] [25] [26] [27] There is now substantial experimental evidence suggesting that CDots represent a new class of effective photo-activated antimicrobial agents, particularly under visible/natural light. For a mechanistic understanding of CDots' photoactivated antibacterial function, several possible mechanisms that are similar to the action mechanisms of other nanoparticles are being considered, including the adhesion to cell membrane that alters the membrane structure/permeability, the generation of reactive oxygen species (ROS) that oxidize protein/lipids, penetration inside the cell and nucleus to dysfunction various cell functions, and modulation of cell signaling. 28 Among the more likely is that under light illumination CDots generate ROS, such as singlet oxygen, superoxide and/or hydroxyl radical, to kill bacteria. 21 In any single or a combination of mechanisms for the action, however, there might be two requirements for CDots to be effective in their antibacterial action: one is that CDots are likely required to be in close interactions with bacterial cells, namely in proximity or adherent to the bacterial cells; the other is that CDots should have highly effective photo-induced properties for its photoactivated antibacterial function. Considering the core-shell structures of CDots, the surface passivation/functionalization (shell) is particularly important, because it determines several properties of CDots, especially the surface charge status/characteristics and optical properties. In view of the interactions of nanomaterials with biological entities, surface functionalization is generally one of the most important properties affecting the interactions between them and consequently the pathway of cellular uptake, intracellular trafficking and cytotoxicity of the nanomaterials. 29, 30 Since many biological entities have surface charges, their interactions with nanomaterials are largely dependent on the electrostatic forces/ interactions between them, so that the surface charges on the nanomaterials could be a major factor affecting the interactions. More specifically, in consideration of the negatively charged bacterial cell surfaces, the surface charges on CDots (on the surface passivation layer) can be a major factor that affects the interactions between CDots and bacterial cells. On the other hand, the surface passivation layer formed by different molecules also largely determines CDots' physical, optical and photoinduced properties, such as thickness of the passivation layer, fluorescence quantum yield of the CDots, and their photo-induced antibacterial functions. For such a purpose, CDots are structurally versatile, amenable to modifications that make their surface functionalities favorable to more effective interactions with bacterial cells, and more potent antibacterial actions. In this work, the influence of CDots' surface functionalization on their antibacterial function was investigated in order to identify and understand those dot configurations that are more effective in antibacterial actions. Specially designed and synthesized CDots that are structurally similar but differ in surface functionalization, particularly including CDots with small passivation molecules of different terminal groups/charges, CDots with passivation polymers of tunable surface charges vs fluorescent quantum yields, and CDots with passivation polymers of different molecular weights, were evaluated and compared for their visible light-activated antibacterial functions against the laboratory model bacteria Bacillus subtilis. Major impacts/implications of the findings to the selection and further development of CDots as a new class of photo-activated effective antibacterial agents are highlighted and discussed.
Experimental section CDots
Small carbon nanoparticles were harvested from the commercially acquired carbon nano-powders (US Research Nanomaterials, Inc.) in procedures similar to those reported previously. 31, 32 In a typical experiment, a sample of carbon nano-powders (2 g) was refluxed in concentrated nitric acid (8 M, 200 mL) for 48 hr. The reaction mixture was cooled back to room temperature, and centrifuged at 1,000 g to discard the supernatant. The residue was re-dispersed in deionized water, dialyzed in a membrane tubing (molecular weight cut-off~500) against freshwater for 48 hr, and then centrifuged at 1,000 g to retain the supernatant. Upon the removal of water, small carbon nanoparticles were recovered and used in the functionalization reaction with different surface passivation molecules.
For the group of CDots with small passivation molecules of different terminal groups/charges, 2,2-(ethylenedioxy)bis-(ethylamine) (EDA, Sigma-Aldrich, St Louis, MO, USA) 31 or 3-ethoxypropylamine (EPA, TCI America) 32, 33 were used to functionalize the carbon nanoparticles to yield EDA-CDots or EPA-CDots, respectively. Detailed procedures for the synthesis of the two CDots were reported previously. [31] [32] [33] For another group of CDots with polymer surface passivation, oligomeric polyethylenimine (PEI of molecular weight~1,200 34 was used to functionalize the small carbon nanoparticles in the thermally induced functionalization reaction to yield PEI-CDots. 13 Similarly, PEI with molecular weight~600 (denoted as PEI 600 to be differentiated from the PEI of molecular weight~1,200 above) was used for the functionalization to obtain PEI 600 -CDots for comparison. In a different synthesis, a mixture of the PEI and citric acid (CA) was used as precursor in the one-pot hydrothermal processing to obtain the PEI/CA-CDots, for which the detailed experimental procedure and product characterization were largely the same as those reported previously. 22 A serial of PEI/CA-CDots were specially synthesized by varying the composition in the precursor mixture and the processing conditions, with the resulting dots denoted as PEI/CA-CDots-1, PEI/CA-CDots-2 and PEI/CA-CDots-3.
All these CDots were characterized by using NMR, microscopy and optical spectroscopy techniques, from which the results were consistent with those of similarly prepared samples reported previously. According to atomic force microscopy and transmission electron microscopy results on dot sizes, both EDA-CDots and EPA-CDots were 4-5 nm in average diameter, with the latter being on average slightly smaller, 31, 32 whereas PEI-CDots were 4-6 nm in average diameter, 13 and PEI/CA-CDots were around 10 nm in average diameter. 22 
Bacterial culture
Bacillus subtilis culture was grown in 10 mL nutrient broth (Fisher Scientific, Pittsburgh, PA, USA) by inoculating the broth with a single colony of a plated culture on a Luria-Bertani (LB) agar plate, and incubated overnight at 37°C, respectively. Freshly grown B. subtilis cells were washed three times with PBS (1X, pH 7.4) (Fisher Scientific) and then re-suspended in PBS or otherwise stated solutions for further experimental uses. Surface plating method to determine viable cell number
Treatment of bacterial cells with CDots
The actual cell concentration in the suspension was determined by the traditional surface plating method. Briefly, the bacterial suspensions were serially diluted (1:10) with PBS. Aliquots of 100 μL appropriate dilutions were surface-plated on LB agar plates. After incubation at 37°C for 24 h, the number of colonies on the plates were counted, and the viable cell numbers were calculated in colony forming units per milliliter (CFU/mL) for all the treated samples and the controls.
Evaluation of CDots' photo-activated antibacterial efficiency
After the treatment, the viable cell numbers in the control and treated samples were determined by the traditional plating method as described above. The logarithmic value of the reduction in viable cell number in the CDots treated samples in comparison to the controls was used to evaluate the efficiency of bactericidal function of the CDots. The greater the viable cell reduction, the higher the CDots' antibacterial activity.
Statistical analyses
Statistical analyses of experimental results were performed using the general linear model procedure of the SAS System 9.2 (SAS Institute Inc., Cary, NC, USA), with P<0.05 being considered as significantly different.
Results and discussion

CDots of different surface functionalities
The structure of CDots ( Figure 1A ) consists of a carbon nanoparticle core, which is largely amorphous for the dots in this study, and a soft shell that affords a variety of choices for surface functionalities. The effectiveness in surface passivation associated with the different functionalities determines the photoexcited state properties of the corresponding CDots, especially the fluorescence quantum yields, as already demonstrated repeatedly in the literature. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] On the photo-activated antibacterial activities of CDots, which share the same excited state processes with fluorescence emissions, their correlation with observed fluorescence quantum yields has been reported. 21 The inactivation process of bacteria via the photo-activated antibacterial activity of CDots is illustrated in Figure 1B . In consideration of the negatively charged bacterial surface, the surface functionalities of CDots may also play an important role in their interactions with bacterial cells, and consequently their antimicrobial effectiveness and efficiency against the bacterial cells. For an evaluation on the effects of such interactions, a group of CDots with different surface functionalities was selected, as shown in Figure 1A . Their antibacterial efficiencies were evaluated and compared in correlation with the surface properties of the CDots. Among the selected CDots of different surface passivation molecules, EDA-CDots 31, 33 and EPA-CDots 32,33 were compared as a pair ( Figure 1 ). EDA = 2,2ʹ-(ethylenedioxy) bis(ethylamine) and EPA = 3-ethoxypropylamine are both small amino molecules, and both CDots were synthesized by the same chemical functionalization of pre-processed and selected small carbon nanoparticles under amidation reaction conditions (for the formation of amide bonds between the nanoparticle-bound carboxylic acid moieties and the amine groups in EDA and EPA, Figure 1 ). [31] [32] [33] However, since EDA is a diamine, different from EPA, the corresponding EDA-CDots and EPA-CDots are different in surface functionalities, with terminal -NH 2 and -CH 3 groups, respectively ( Figure 1A ). The different surface functionalities are reflected in the observed basicities of the two CDots in deionized water, with the resulting aqueous solutions of pH around 10 for the EDA-CDots vs around 7.5 for the EPA-CDots. As a result, the former is positively charged at physiological pH (PBS buffer of pH 7.4 in this study), but not the latter, enabling a comparison for the probing and understanding of the effects due to different surface charge status. Equally or more significantly, with EDA and EPA both being small molecules, the EDA-CDots and EPA-CDots are structurally ultracompact, [31] [32] [33] different from the other dots of larger oligomeric surface functionalities tested in this study, thus also valuable to an understanding of the effects due to dot surface properties other than the charge status. On the selection of the CDots with PEI 13 for surface functionalization, the PEI molecules were branched oligomers of average molecular weight~1,200 and~600, corresponding to the dot samples denoted as PEI-CDots and PEI 600 -CDots, respectively. The PEI oligomers contain both primary and secondary amines ( Figure 1A ), which are also present in the surface functionalities of the PEI-CDots and PEI 600 -CDots. These amine moieties make the dot samples in deionized water basic, and they are protonated to become cationic at physiological pH (PBS buffer of pH 7.4 in this study). Thus, these CDots were selected for an evaluation on the expected more favorable interactions of the cationic ammonium groups with negatively charged bacterial surfaces and the consequences in terms of their enhanced antibacterial activities. It should be pointed out that the selected CDots described above were synthesized by the chemical functionalization of pre-existing carbon nanoparticles, which were of the same chemical compositions in terms of carbons in different hybridizations. Structurally according to results from the X-ray powder diffraction analysis, the carbon nanoparticles were largely amorphous, as already reported in our previous study. 35 PEI/CA-CDots, synthesized by the thermal carbonization of PEI-CA mixtures, 22 were selected for comparisons in reference to PEI-CDots. As already reported in the literature, 22 the PEI/CA-CDots are characterized by excellent fluorescence properties, with the observed fluorescence quantum yields beyond 50% in the visible spectral region overlapping that of green fluorescence protein, 13 and by some unique structural features, including surface functionalities. Unlike the PEICDots and PEI 600 -CDots discussed above, PEI/CA-CDots were from the thermal carbonization of PEI-CA mixtures, in which the basic PEI and acidic CA were likely in zwitterionic pairs. As reported previously, 22 the zwitterionic pairs were likely carried over in the carbonization processing to dominate the dot surface structure ( Figure 1A) , consistent with the observed neutral pH in the aqueous solution of the PEI/CACDots corresponding to an amine/acid ratio close to 1 in the PEI-CA precursor mixture. 22 Such a sample is denoted as PEI/CA-CDots-1. Two more PEI/CA-CDots samples were prepared from precursor mixtures in which PEI (thus amine groups) was in excess, denoted as PEI/CA-CDots-2 and PEI/ CA-CDots-3, with their solutions in deionized water of pH 8.6 and~9.7, respectively. Thus, the PEI/CA-CDots-3 contained more amine moieties on the dot surface because of the larger PEI excess in the precursor mixture, somewhat closer to the PEI-CDots discussed above, so that the three PEI/CACDots samples and the PEI-CDots served as a nice series for comparisons of their interactions with bacterial cells in PBS buffer and the associated photo-activated bactericidal functions of the CDots.
EDA-CDots vs EPA-CDots -surface charge effects
In this study, Gram-positive laboratory model bacteria, B. subtilis, was used to evaluate the antimicrobial efficiencies of CDots with different surface functionalities. EDA-CDots and EPA-CDots were systematically evaluated for their antibacterial function against B. subtilis cells for probing the surface charge effect. EDA and EPA are small molecules, with molecular weights 148 and 103 g/mol, respectively, and they are structurally similar but their corresponding CDots differ in terms of terminal groups on the dot surface, -NH 2 in EDACDots vs -CH 3 in EPA-CDots ( Figure 1A) . The former can be positively charged at physiological pH as -NH 3 + , but not the latter. The observed fluorescent quantum yields of the EDACDots and EPA-CDots used in the study were both~20%. Relevant characteristics of EDA-CDots and EPA-CDots used in this comparison experiment are listed in Table 1 . Figure 2 shows the antibacterial activity of EPA-CDots and EDA-CDots at 0.1 and 0.2 mg/mL to B. subtilis cells in terms of viable cell reduction upon treatments under light illumination for 1 hr. At 0.1 mg/mL, the treatment with EPACDots barely caused any reduction in viable cell number to B. subtilis cells, while the treatment with EDA-CDots was much more effective, resulting in about 3.26 log reduction in ) on EDA must be favored by the negatively charged bacterial surface, thus stronger binding-like interactions between EDA-CDots and the bacterial cells to result in a higher "local concentration" of EDA-CDots on bacterial surface, thus more effective in antibacterial actions against the bacterial cells.
Noticeably, similarly different effectiveness between EDA-CDots and EPA-CDots was found in their antiviral function, 36 where EDA-CDots were more effective than EPACDots in inhibiting norovirus virus-like particles binding to histo-blood group antigen receptors, due primarily to the difference in surface charge status between the two CDots. In addition, similar surface charge effect has been reported on silver nanoparticles' antimicrobial activity, where positively and negatively charged silver nanoparticles exhibited the highest and lowest bactericidal activities, respectively. 37 As such, there have been recent studies on inducing charges onto the surface of silver nanoparticles for higher antimicrobial efficacy, [38] [39] [40] The results reported here suggest that the same strategy may be exploited in the design and preparation of CDots with higher antibacterial efficacy.
Effects of surface charge and photoexcited state properties -comparisons between PEI-CDots and PEI/CA-CDots
Because of the significant presence of amine moieties on the surface of PEI-CDots, these dots are positively charged at physiological pH (in PBS buffer), thus expected to have favorable interactions with negatively charged bacterial surface. In PEI/CA-CDots-1, on the other hand, the surface functionalities are dominated by zwitterionic pairs, thus close to neutral pH in aqueous solution and without the surface positive charges in PBS buffer. However, these dots are highly fluorescent, with the observed fluorescence quantum yields beyond 50%, 22 indicative of the photoexcited state properties being more favorable to photo dynamic effects and consequently more effective antibacterial activity to bacterial cells, as already demonstrated experimentally. 21 The evaluation was to determine the consequences of these two apparently opposing effects on antibacterial activities of the CDots. For the comparison, the PEI-CDots of a fluorescence quantum yield~12% and the PEI/CA-CDots-1 of a much higher quantum yield of~60% were used. Relevant characteristics of the two-dot samples are listed in Table 2 . Figure 3 shows the viable cell reductions of B. subtilis upon the treatment with PEI-CDots and PEI/CA-CDots-1 at 0.1 and 0.2 mg/mL for 1 hr under light illumination, in bacterial samples containing~10 7 CFU/mL cells. While the treatment with 0.1 mg/mL PEI-CDots resulted in about 1.82 log reduction in viable cells of B. subtilis cell, the treatment with PEI/CA-CDots-1 did not cause any significant reduction in viable cell number. At a higher dots concentration of 0.2 mg/mL, the treatment with PEI-CDots significantly increased the viable cell reduction to~3.87 log, whereas the PEI/CA-CDots-1 with the increased concentration still did not inactivate B. subtilis cells. A conclusion from the results on these dots at different concentrations is that PEI-CDots are more effective in inactivating B. subtilis cells than the PEI/CA-CDots -1 at the same concentration and under the same treatment condition, despite the fact that the PEI/CA-CDots-1 had a much higher fluorescence quantum yield, thus suggesting that the dot-cell interactions are more important in the two opposing effects discussed above. More specifically on the different surface characteristics between PEI-CDots and PEI/CA-CDots-1, the former has a significant population of amine moieties, as reflected by the basic pH value (around 9, vs about neutral for PEI/CA-CDots-1). 22 It should be pointed out that the pH in the mixture of bacterial cells with CDots in the PBS buffer was around 7.4, where the -NH 2 terminal groups are protonated as -NH 3 + .
The strong ionic interactions enhance the adhesion/ attachment of CDots on the bacterial membrane and allow more effective execution of photo-activated antibacterial function on the bacterial cells. This is despite the fact that the PEI/CA-CDots-1 are of significantly higher fluorescent quantum yield than PEI-CDots, 22 as according to previous studies CDots of higher fluorescence quantum yields are generally more effective in their light-activated antibacterial activities. 21 Therefore, the results presented here suggest that the surface charge of CDots plays a critical role and dominates the interactions between CDots and bacterial cells (adhesion/attachment) which are essential for CDots' photo-activated antibacterial function on bacterial cells. In further investigation on the two opposing effects discussed above toward an optimal balance between the effects to achieve high effectiveness of CDots' antibacterial function, PEI/CA-CDots-1, PEI/CA-CDots-2 and PEI/CA-CDots-3 were compared. The three dot samples have different surface populations of amine moieties, in addition to the PEI/CA zwitterionic pairs, as reflected by their different pH values in aqueous solutions (~7.5,~8.6 and~9.7, respectively). Their observed fluorescent quantum yields were similar, all around 60%. Relevant characteristics of the three PEI/CA-CDots samples are listed in Table 3 . Figure 4 shows the viable cell reductions of B. subtilis upon the treatment with the three PEI/ CA-CDots samples all at 0.1 mg/mL for 1 hr under light illumination in bacterial samples containing~6.9 x 10 6 CFU/mL cells, along with the untreated control samples. The results confirmed an expected trend in the effectiveness of the three dot samples, which correlated well with the increasing -NH 2 population on the dot surface from the sample −1 to the sample −3, and thus suggesting the dominating role of the charge status governing the interactions of the dots with bacterial cells. It can be seen in Figure 4 that there was almost no effect with PEI/CA-CDots-1 treatment on the viable cell reduction, while PEI/CA-CDots-2 resulted in 0.83 log reduction in viable cell reduction. More dramatic demonstration of the same effect was found in the treatment with PEI/CA-CDots-3, which possess even more -NH 2 groups on the dot surface, with almost a complete inactivation of the cells (~6.8 log viable cell reduction). Such tremendously effective photo-activated antibacterial function must be due to the combined effects of a sufficient population of -NH 2 groups on the dot surface to enable favorable interactions of the CDots with cells, thus a higher local concentration of CDots on the cell surface, and the favorable photoexcited state properties to the generation of ROS, as reflected by the observed high fluorescence quantum yield of the dot sample. Clearly, the highly effective antibacterial function achieved by PEI/CA-CDots-3 highlights a very useful strategy for designing effective photo-activated antibacterial CDots, such that the CDots must have surface functionalities favorable to bacterial surface adhesion for effective interactions with the bacterial cells, and at the same time the CDots should possess excellent optical properties for photo-activation process to produce antibacterial species.
PEI-CDots vs PEI 600 -CDots -effect of PEI molecular weight
Two CDots with surface functionalization by PEI oligomers of different molecular weights,~1,200 in PEI-CDots and~600 in PEI600-CDots, were evaluated for effects of the PEI molecular weight difference on their photoactivated antibacterial function against B. subtilis. Figure  5A shows the viable cell reduction of B. subtilis cells after the 1 hr treatments with PEI-CDots and PEI 600 -CDots at 0.1 mg/mL with light illumination. With bacterial samples containing~10 7 CFU/mL cells, the treatment with PEICDots resulted in~1.82 log reduction of B. subtilis cells, whereas the treatment with PEI 600 -CDots inactivated almost all the cells, namely >7 log reduction in viable cell number, which demonstrated that PEI 600 -CDots were much more effective in activating the bacterial cells. Both PEI-CDots and PEI 600 -CDots exhibited common concentration-dependent antibacterial activity against B. subtilis ( Figure 5B ). Increased concentration of PEI-CDots at 0.3 mg/mL could inactivate all cells in the samples containing~10 7 CFU/mL, whereas PEI 600 -CDots could do the same with a much lower concentration of only 0.05 mg/ mL. The results again suggest that PEI 600 -CDots are considerably more effective than PEI-CDots in their photoactivated antibacterial activities under the same treatment conditions. The remarkable difference in the antibacterial activities between PEI-CDots and PEI 600 -CDots points to both complications and opportunities in the comparison and understanding of CDots with different surface functionalities toward the design and development of dot structures with much enhanced bactericidal function. On these two CDots specifically, they are structurally rather similar, except for probably their difference in the thickness of the surface passivation layer, correlated with the size of PEI (~1,200 in average molecular weight) vs that of PEI 600 . The latter may correspond to a thinner surface passivation layer, thus would allow the photo-generated ROS to act more effectively on the bacterial cells for the observed more effective antibacterial function. While more studies are needed to look into the mechanistic details behind the results, the observations reported here do highlight the important role of the surface functionalization of CDots, which should be emphasized in the further design and development for highly effective photo-activated antibacterial CDots.
Conclusions
Through the comparison of the antibacterial efficiencies of the selected CDots with designed surface passivation moieties, this study demonstrated that the surface charge status on CDots dominated the interactions between CDots and bacterial cells. CDots with surface passivation terminal groups of -NH 2 was more favored in interacting with negatively charged bacterial cells compared to those with terminal groups of -CH 3 or with zwitterionic pairs of CA and amine groups, indicating that positively charged surface molecules on CDots would enhance the interactions with bacterial cells and thus the photo-activated antimicrobial activity of CDots. Besides the surface charge status, the optical properties of CDots reflected by high fluorescence quantum yields are desirable for CDots to exhibit highly effective antimicrobial function. In addition, the thickness of polymer passivation layer on CDots may also affect its antimicrobial function, with CDots of a thinner passivation layer exhibiting more effective antimicrobial activity. Despite the likely complexity in the details of the action and still a lack of clear mechanistic understanding of the observed activities, the results in this study highlighted the critical role of the surface functionalization in governing the overall performance of CDots' antimicrobial function and provided useful information for further design of highly effective antimicrobial CDots. Figure 5B , statistical analysis was performed on the results of each type of CDots (PEI-CDots and PEI 600 -CDots) respectively. Abbreviations: PEI, polyethylenimine; CDots, carbon dots.
